Abstract Paulownia is a tree species grown in many countries. Our previous study reveals that tetraploid Paulownia fortunei is more tolerant to salt stress than its corresponding diploid tree. To investigate the molecular mechanisms of salt stress tolerance in P. fortunei, the transcriptomes of normal and salt-stressed diploid and tetraploid were investigated. After assembling the clean reads, we obtained 130,842 unigenes. The unigenes were aligned against six public databases (Nr, Nt, Swiss-Prot, COG, KEGG, GO) to discover homologs and assign functional annotations. We retrieved 7983 and 15,503 differentially expressed unigenes (DEUs) between the normal and the salt-stressed diploid and tetraploid P. fortunei, respectively. We identified dozens of important DEUs including 3 related to photosynthesis, 10 related to plant growth and development and 11 related to osmolytes. Some of these DEUs were upregulated in tetraploid compared to diploid and others were upregulated under salt stress. Quantitative reverse transcriptase polymerase chain reaction verified the expression patterns of 15 unigenes. Our results provided insights into the molecular aspects why tetraploid is stronger and more energetic than diploid under saline environment. This study provides useful information for further studies on the molecular mechanisms of salt tolerance in other tree plants.
Introduction
Soil salinization is an increasingly severe agricultural problem that can cause a combination of dehydration and osmotic-related stress effects (Gong et al. 2005) . Approximately 894 million hectares were reported to be under salt stress (Ismail and Horie 2017) . Primary sources of salinity include natural processes such as mineral weathering or fluctuations in sea-water levels, along with anthropogenic activities such as irrigation. Various strategies have been proposed regarding the use of the salt-affected lands, including reclamation of salt-affected soils, halophyte cultivation, and breeding salt-tolerant crops.
Salt stress causes two main adverse effects. First, osmotic stress reduces water uptake by roots and causes internal dehydration. Second, abnormal accumulation of salts results in ion toxicity which disturb metabolic pathways, especially in photosynthetic cells (Ismail and Horie 2017) . The pathways associated with regulation of salt movement and accumulation have been illustrated, and so are metabolites involved in signaling, osmoregulation, and protection of cellular metabolism under salt stress (Ismail and Horie 2017) . The mechanisms of salinity tolerance are highly complex processes in which many genes and pathways are involved (Magnan et al. 2008; Xu et al. 2009 ). For example, cotton GhWRKY34 is a stress-related gene that belongs to WRKY family and its overexpression in Arabidopsis enhances the transgenic plant tolerance to salt stress (Zhou et al. 2015) . Wheat TaWRKY44 also improves salinity tolerance through activation of the cellular antioxidant systems in transgenic tobacco . Another example is glutathione S-transferases gene from tomato which plays a positive role in salt avoidance in Arabidopsis (Xu et al. 2015) . Some studies have shown that the plants with higher ploidy levels seem to be more adaptable to stressful conditions than their diploid relatives (Chao et al. 2013; Deng et al. 2011; Dong et al. 2014; Li et al. 2012) .
Paulownia is a genus of fast-growing deciduous trees native to China, where it has been used for afforestation and improvement of the ecological environment (Essl 2007) . Paulownia species have been introduced in many countries for their important ecological, economic, and social significance (Ipekci and Gozukirmizi 2003) . Tetraploid Paulownia has much stronger tolerance to extreme soils than diploid (Deng et al. 2013; Dong et al. 2014; Wang et al. 2017) . In the studies of Paulownia spp. under salt stress, some pathways associated with accumulation of compatible solutes, oxidative stress detoxification, ion homeostasis and transportation, and plant hormone signal transduction and photosynthetic activities have been revealed Dong et al. 2017; Fan et al. 2016a, b; Zhao et al. 2017) . Mechanistic studies about Paulownia response to salt stress have been done at the levels of transcription Fan et al. 2016b Fan et al. , 2017 Zhao et al. 2017) , post-transcription (Fan et al. 2016a and translation Fan et al. 2017) . However, there is a lack of direct comparison at the transcriptomic levels between diploid and autotetraploid Paulownia fortunei under salt stress.
In this study, the transcriptomes analysis of normal and salt-treated diploid and tetraploid P. fortunei were performed for better understanding the mechanisms of salinity tolerance. We compared the transcript profiling of diploid and tetraploid P. fortunei under salt stress, and identified a number of salt-related genes which were related to photosynthesis, plant growth and development and osmolytes. These results might be useful for understanding the difference in salt tolerance between diploid and tetraploid P. fortunei.
Materials and methods

Experimental material
Plant materials were obtained from the Institute of Paulownia, Henan Agricultural University, Zhengzhou, Henan Province, China. The tissue culture seedlings of diploid P. fortunei (PF2) and tetraploid P. fortunei (PF4) were derived from the same tissue culture without genetic variation ) and grown in the greenhouse under 16-h light and 8-h dark cycle for 30 days before being moved to the outdoor. Seedlings with approximately the same crown size and height were planted in plastic pots (30 cm in diameter at the bottom and 20 cm deep) that contained the same garden soil. The plants were housed randomly in an outdoor nursery for 50 days before being subjected to stress treatments (NaCl/dry soil: 0, 0.2, 0.4, and 0.6%). The seedlings in triplicate were subjected to the salt treatments as described (Deng et al. 2013) . Based on our previous study (Fan et al. 2016a ), the P. fortunei seedlings treated with 0% (control) and 0.4% NaCl (salttreated) were used to construct four cDNA libraries: control and salt-treated (0.4% NaCl) diploid (PF2 and PF2S) and tetraploid (PF4 and PF4S) libraries. The fully expanded leaves (second leaf from the apex) from each of the four treatments were mixed in equal numbers from each plant in each of the replicate groups, frozen in liquid nitrogen, and then stored at -80°C for later use.
RNA extraction and construction of cDNA libraries
Total RNA was extracted from 8 mg of the leaf samples using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The RNA was purified with the Qiagen Kit according to the manufacturer's protocol (Qiagen, Valencia, CA, USA). After purification, magnetic beads with oligo (dT) were used to isolate mRNA. The mRNA was fragmented into short fragments by mixing it with fragmentation buffer. Then, single-stranded cDNAs were synthesized using the mRNA fragments as templates. Short cDNA fragments were purified and resolved with EB buffer for end repair and addition of a single nucleotide A (adenine). The short cDNA fragments were ligated with adaptors and suitable fragments were selected as templates for the polymerase chain reaction (PCR) amplification step. The cDNA libraries were assessed using a 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA) and sequenced on an Illumina Genome Analyzer IIx (GAIIx) platform (Illumina, San Diego, CA) by Beijing Genomics Institute (BGI)-Shenzhen, Shenzhen, China, following the manufacturer's standard cBot and sequencing protocols.
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Assembly and annotation
The image data obtained from the sequencing platform were transformed by base calling into raw reads, which were stored in FASTQ format. Processing of the raw reads and filtering out dirty raw reads, such as reads with adaptors, unknown nucleotides larger than 5%, and low-quality reads in which the percentage of low-quality bases (base quality B 10) is more than 20%, were performed using Dynamic Trim in the Solexa QA package (DynamicTrim.pl, p = 0.05; LengthSort.pl, min length = 25). Transcriptome de novo assembly was carried out using the short reads assembly program, Trinity (the options: -seqType fq -min_contig_length 200 -group_pairs_distance 250 -min_kmer_cov 2) (Grabherr et al. 2011) . The assembled sequences that were produced by Trinity were called unigenes. Non-redundant unigenes were obtained after removing redundancy and splicing the unigenes by the TIGR Gene Indices clustering tools (TGICL) (Pertea et al. 2003) . The unigenes were of two types, clusters and singletons. Clusters contained two or more unigenes that shared more than 70% of the identity and were named using the prefix ''CL'' followed by the cluster id. Singletons were named using the prefix ''unigene''. More details are in the supplementary material 1. The unigene sequences were aligned to the NCBI non-redundant protein sequence database (Nr), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG), and Cluster of Orthologous Groups (COG) using BLASTX (e-value \ 1.0e-5), and to the NCBI nucleotide sequence database (Nt) using BLASTN (e-value \ 1.0e-5). The best alignments were used to decide the sequence direction of the unigenes. If the results from different databases conflicted, a priority order of Nr, Swiss-Prot, KEGG, and COG was followed in deciding the sequence direction of the unigenes. For unigenes that did not align to any of the above databases, ESTScan (Iseli et al. 1999 ) was used to decide the sequence direction. Using the Nr annotations of the homologous sequences, Gene Ontology (GO) annotations were assigned to the unigenes using Blast2GO (Conesa et al. 2005) . Then, WEGO (Ye et al. 2006 ) was used to classify the GO annotation results. Pathway annotations were obtained by aligning the unigenes with the KEGG database (Kanehisa and Goto 2000) .
Detection of differentially expressed unigenes
Unigene expression levels in each of the four libraries were calculated by the FPKM (fragments per kilobase per million fragments). We chose false discovery rate (FDR) B 0.001 and |log2Ratio| [ 2 as the cutoffs for DEUs. The DEUs were then subjected to GO functional and KEGG Pathway analyses.
Quantitative real-time polymerase chain reaction (PCR) Analysis
The RNA samples from PF2, PF4, PF2S-10D (PF2 with salt treated for 10 days), PF4S-10D (PF4 with salt treated for 10 days), PF2S and PF4S leaves were extracted with Trizol (Sangon, Shanghai, China). 15 DEUs were selected for quantitative real-time PCR analysis (Table 2) . Primers were designed using Beacon Designer version 7.7 (Premier Biosoft International, Ltd., Palo Alto, CA, USA). The quantitative real-time PCR reactions were run in So Fast Eva Green Supermix (Bio-Rad, Hercules, CA, USA) starting with 1 lL cDNA template in a standard 20 lL reaction. The cDNAs were then amplified in a Bio-Rad CFX96TM Real-Time System (Bio-Rad, Hercules, CA, USA) with SYBR Premix Ex Taq TM II (Takara, Dalian, China). The PCR cycles were as follows: 95°C for 1 min, followed by 40 cycles of 95°C for 10 s, and 55°C for 15 s. Three biological replicates (with 3 technical replicates for each biological replication) were analyzed for each gene. Relative expression levels of the genes were calculated using the 2 -DDCt method and normalized with 18S rRNA from P. fortunei.
Results
Sequencing and assembly
The high-throughput RNA sequencing of the four cDNA libraries generated a total of 287,714,442 raw reads (73,251,168 from PF2, 68,693,814 from PF4, 69,672,008 from PF2S, and 76,097,452 from PF4S). 266,053,238 clean reads (67, 705, 202 from PF2, 65, 589, 796 from PF4, 63, 993, 094 from PF2S, and 68, 765, 146 from PF4S) were obtained from the four cDNA libraries after filtering out adaptor sequences, low-quality sequences. The sequencing raw data have been submitted to the Short Reads Archive (SRA) under the accession numbers SRP060682. The Q20 was more than 97.32%. The N percentage was 0.01% in PF2 and PF2S, and 0.00% in PF4 and PF4S. The clean reads were assembled by Trinity, resulted in a total of 638,242 unigenes (104,212 from PF2, 97,537 from PF4, 114,976 from PF2S, and 124,988 from PF4S). The four libraries of unigenes were combined which resulted in 130,842 unique unigenes, with an average length of 939 nt and an N50 of 1575 nt. Details of the sequencing and assembly of the transcriptome are shown in Table 1 . All the assembled unigenes were aligned against the Nr, SwissProt, KEGG, and COG protein databases, and a total of 89,005 coding sequences (CDSs) were predicted. 83,038 CDSs were inferred using BLASTX hits and 5967 were assigned using ESTScan. These results indicated that the Physiol Mol Biol Plants sequencing of the P. fortunei transcriptomes was in high depth and good quality. Both duplicates showed linear correlations with their corresponding ones. The Spearman r values of the diploids and tetraploids were 0.83 and 0.74, respectively, while the Pearson r values were 0.83 and 0.79, respectively ( Figure S1 ).
Functional annotation of the unigenes
A total of 86,108 unigenes were annotated based on their alignments against sequences in the public databases (evalue \ 1.0e-5). Of these, 82,546 unigenes (95.86%) were found to match against the Nr database, followed by Nt (70,373 unigenes, 81.73%), GO (67,348 unigenes, 78.21%), Swiss-Prot (53,830 unigenes, 62.51%), KEGG (50,950 unigenes, 59.17%), and COG (35,252 unigenes, 40.94%) (Table S1 ).
Three ontologies were divided for gene ontology (GO) analysis of the unigenes: molecular function, cellular component, and biological process. A total of 67,348 unigenes were categorized into 58 functional groups (Figure S2 ). Cell and cell part were the two largest groups, the smallest group was protein tag, with only 10 unigenes predicted for it.
The KEGG annotation system was used to conduct the unigene metabolic pathway analysis. A total of 50,950 unigenes were mapped to 128 KEGG pathways. Metabolic pathway (ko01100) group was the largest group with 12,557 unigenes, followed by biosynthesis of secondary metabolites, plant-pathogen interaction, plant hormone signal transduction, spliceosome, RNA transport. The smallest group was betalain biosynthesis with only six unigenes (Table S2) .
After searching against the COG database, 35,252 unigenes were categorized into 25 specific functional groups ( Figure S3 ). The largest group was ''General function prediction only'', followed by ''Transcription'', ''Replication, recombination and repair'', ''Posttranslational modification, protein turnover, chaperones'', and ''Translation, ribosomal structure and biogenesis''. The smallest group was ''Nuclear structure''.
Identification and analysis of differentially expressed unigenes
To identify transcriptional changes under salt stress, we performed four comparisons, normal seedlings versus salttreated seedlings (PF2 vs. PF2S and PF4 vs. PF4S) and tetraploid P. fortunei versus diploid P. fortunei (PF2 vs. PF4 and PF2S vs. PF4S) (Tables S3 and Figure S4 ). The results of the pairwise comparisons of the DEUs are shown in Fig. 1 . In order to obtain more information, another four comparisons (comparison A, B, C, D) were made using specific sets of DEUs. Comparison A used (Fig. 2 ) of comparisons might help to explain the reason why PF4 has higher salt tolerance than PF2. The details of these comparisons are described below. The expression of unigenes in comparison A and B indicated that most of the unigenes in PF2 versus PF2S and PF4 versus PF4S display same response to salt stress ( Figure S5a ). The expression of unigenes in comparison C and D indicated that most of the unigenes in PF2 versus PF4 and PF2S
versus PF4S show similar expression change regardless of salt treatment ( Figure S5b ). GO enrichment analysis was performed to identify the functional categories that were significantly enriched among the DEUs. The DEUs in library A were enriched, the GO enrichment results are shown in Table S5 . Similarly, DEUs in Tables S4 are enriched, the GO enrichment results are shown in Tables S5. The DEUs in library A were mapped to 99 KEGG metabolic pathways, the DEUs in library B were mapped to 75 metabolic pathways, the DEUs in library C were mapped to 120 metabolic pathways, the DEUs in library D were mapped to 114 metabolic pathways (Tables S6).
Identification of key DEUs related to photosynthesis
By pairwise comparison, we found three key photosynthesis-related unigenes that were differentially expressed in PF2 versus PF4 and normal versus salt conditions (Table S7) . One of the DEUs (CL13291.Contig1) was predicted to encode transketolase (TKTA) that catalyzes glyceraldehyde-3-phosphate and sedoheptulose-7-phosphate to produce xylulose-5-phosphate and ribose-5-phosphate, both essential for synthesizing ribulose-1,5-bisphosphate (RuBP). The other DEU (Unigene64782) was predicted to encode the ATP synthase CF1 alpha subunit which was up-regulated in PF4 compared to PF2 in either normal or salt treated plants. The third DEU (Unigene4505) was predicted to encode chlorophyll a/b binding protein. It was also up-regulated in PF4 compared to PF2 regardless of culture conditions with or without salt (Table S7) .
Identification of key DEUs related to plant growth
We found ten growth-related unigenes that were differentially expressed in PF2 versus PF4 and normal versus salt conditions (Table S7 ). Three of the DEUs Fig. 1 The number of differentially expressed genes. PF2, PF4, normal seedlings. PF2S, PF4S, salt-treated seedlings (CL2574.Contig4, CL8577.Contig2, CL11064.Contig4) were predicted to be involved in primary cell wall biosynthesis and were upregulated in PF4 compared to PF2. CL2574.Contig4 was annotated as a glycosyltransferases (GT) involved in various biological processes such as cell wall formation, plant growth and development, storage polysaccharides biosynthesis, and glycosylation of various metabolites. CL8577.Contig2 was involved in multidimensional cell growth and cell wall cellulose and pectin metabolic processes. CL11064.Contig4 was involved in regulation of cellulose biosynthetic process. Two DEUs (CL8577.Contig2 and Unigene32735) related to cell wall pectin metabolic process were up-regulated in PF4. Unigene32735 was predicted to encode a pectin methyltransferase (PMT). We discovered three DEUs (CL1306.Contig3, Unigene60481, and Unigene37840) predicted to encode caffeoyl-CoA O-methyltransferase (CCoAOMT) essential for lignin biosynthesis. These three DEUs were up-regulated in PF2 versus PF4, PF2S versus PF4S. In addition, we identified two DEUs (Unigene36754 and CL10657.Contig8) encoding auxin response factor and auxin-responsive protein IAA, respectively, which are involved in plant hormone signal transduction. These DEUs were up-regulated in PF4 (Table S7) .
Identification of key DEUs related to osmolytes
We found 11 DEUs involved in osmoregulation (Table S7) . Among them, 10 DEUs were predicted to encode late embryogenesis abundant (LEA) proteins, including five DEUs up-regulated in PF4 (Unigene18913, CL15360.Contig2, CL6982.Contig9, CL6982.Contig7, and CL4052.Contig2) and five DEUs up-regulated after salt treatment (CL1764.Contig1, CL1764.Contig2, CL1764.Contig3, CL1764.Contig4 and Unigene39522). LEA proteins are composed mainly of hydrophilic amino acids that could protect cells from salt damage by replacing water molecules. The accumulation of LEAs may improve salt tolerance and reduce the damage of salt stress in plants. The other osmolyte-related DEU (Unigene17670) was predicted to encode aldehyde dehydrogenase (ALDH) and up-regulated in PF4. ALDH is involved in arginine and proline metabolism.
Quantitative real-time PCR verification of selected DEUs in Paulownia
To validate the reliability of the Illumina sequencing analysis, the expression profiles of 15 DEUs from leaves of PF4 and PF2 were assessed by quantitative real-time PCR. The primers used for the quantitative real-time PCR analysis are shown in Table 2 . cDNA fragments from the samples used for the transcriptome sequencing were used as templates. The expression patterns revealed by quantitative real-time PCR (relative expressed level) of all the 15 unigenes were consistent with the expressions from the transcriptome analyses. The changing trend of unigenes expression was relevant to the time of salt-treated (Fig. 3) . The spearman correlation coefficient between the results of RNA-seq and quantitative real-time PCR was 0.708. This result indicated the reliability of the gene expression variations obtained from our analysis of the unigene sequences.
Discussion
In our earlier studies, tetraploid P. fortunei (PF4) was found to exhibit more vigorous growth than diploid P. fortunei (PF2) in both salt-treated and normal conditions. Salt-stress limits plant productivity because it decreases the photosynthesis rate. In the present study, we investigated the different responses of P. fortunei to salt stress at the molecular level by sequencing the transcriptomes of PF2 and PF4 with a high-throughput RNA sequencing technique. We identified two dozens of important differentially expressed unigenes (DEUs) including 3 DEUs related to photosynthesis, 10 DEUs related to plant growth and development and 11 DEUs related to osmolytes. These DEUs were upregulated in PF4 compared to PF2 and upregulated under salt stress. Our results provided insights into the molecular aspects why PF4 is stronger and more energetic than PF2 under saline environment. In order to confirm our sequence results, 15 DEUs were randomly selected for validation by quantitative real-time PCR. The results indicate that the unigenes identified by Illumina sequencing are reliable.
DEUs related to photosynthesis
We identified three photosynthesis-related unigenes (CL13291.Contig1, Unigene64782, Unigene4505) predicted to encode transketolase (TKTA), ATP synthase CF1 alpha subunit and chlorophyll a/b binding protein, respectively. These three DEUs were differentially expressed in PF2 versus PF4 and normal versus salt conditions. TKTA catalyzes glyceraldehyde-3-phosphate and sedoheptulose-7-phosphate to produce xylulose-5-phosphate and ribose-5-phosphate, both essential for synthesizing ribulose-1,5-bisphosphate (RuBP). TKTA plays important roles in the photosynthetic carbon reduction cycle (Calvin cycle) and is an ideal candidate for the regulation of metabolic flux because it connects the non-oxidative pentose phosphate pathway to glycolysis (Bi et al. 2015; McDonagh et al. 2013) . For example, TKTA gene in Anabaena sp. was shown to be involved in glycolate metabolism and down-regulated after NaCl treatment (Srivastava et al. 2011) . In cucumber seedlings, the activity of TKTA was found to influence the photosynthetic rate (Bi et al. 2011 ). In our study, this DEU was down-regulated in PF2 versus PF2S but up-regulated in PF4 versus PF4S, indicating that the influence of salt stress on TKTA in PF2 and PF4 is different.
The unigene coding for ATP synthase CF1 alpha subunit was up-regulated in PF4 compared to PF2 in either normal or salt treated plants. Plant ATP synthase is integrated into thylakoid membrane with the CF1 alpha subunit exposed to the stroma where dark reactions of photosynthesis and ATP synthesis take place. ATP synthase plays an important role in the energy transduction process in chloroplasts and mitochondria. The importance of ATP synthase in salt resistance has been demonstrated in several recent studies. Salt-treatment up-regulates ATP synthase gene expression in tobacco (Barreto et al. 2014 ) and barley (Mostek et al. 2015) . In the present study, the up-regulation of Unigene64782 in PF4 may help to increase the synthesis of ATP and therefore provide more energy for PF4 growth than that for PF2 growth.
The unigene coding for chlorophyll a/b binding protein was also up-regulated in PF4 compared to PF2 regardless of culture conditions with or without salt. The major lightharvesting chlorophyll a/b binding complex of photosystem II (LHCb2) constitutes more than 40% of the photosynthetic membrane proteins and about half of the total thylakoid pigments in higher plants (Green and Durnford 1996) . LHCb2 help the plant to adapt to the environment change (Mohanty et al. 2002) . High expression levels of LHCb2 were found to be light-dependent and regulated at least partially at the transcriptional level by a photoreceptor phytochrome (Peer et al. 1996) . Overall, up-regulation of these three photosynthesis-related DEUs (CL13291.Contig1, Unigene64782, Unigene4505) in PF4 supports the observation that PF4 is stronger and more energetic than PF2 under saline environment.
DEUs related to plant growth
We found ten growth-related unigenes that were differentially expressed in PF2 versus PF4 and normal versus salt conditions. Three of the DEUs (CL2574.Contig4, CL8577.Contig2, CL11064.Contig4) were predicted to be involved in primary cell wall biosynthesis and were upregulated in PF4 compared to PF2. CL2574.Contig4 was annotated as a glycosyltransferases (GT) involved in various biological processes such as cell wall formation, plant growth and development, storage polysaccharides biosynthesis, and glycosylation of various metabolites (Sado et al. 2009 ). In Arabidopsis thaliana, UDP-glucosyltransferase UGT74E2, one kind of GTs, plays a prominent role in stress-induced protective architectural changes in plants (Tognetti et al. 2010 ). CL8577.Contig2 was involved in multidimensional cell growth and cell wall cellulose and pectin metabolic processes. CL11064.Contig4 was involved in regulation of cellulose biosynthetic process. In our previous study, we found that the wood fiber length, fiber aspect ratio, wall thickness, wall cavity ratio, and diameter cavity ratio of PF4 were larger than those of PF2 (Wang et al. 2014) . The up-regulation of these three DEUs (Mohnen 2008) . In our study, two DEUs (CL8577.Contig2 and Unigene32735) related to cell wall pectin metabolic process were up-regulated in PF4. Unigene32735 was predicted to encode a pectin methyltransferase (PMT). PMTs control the extent and pattern of methyl-esterification in pectin within the primary cell wall, and thereby regulate cell-cell adhesion and cell elongation (Ishikawa et al. 2000) . The up-regulation of these two DEUs may increase the pectin content in the cells and promote plant growth.
Three DEUs (CL1306.Contig3, Unigene60481, and Unigene37840) were predicted to encode caffeoyl-CoA O-methyltransferase (CCoAOMT). CCoAOMT is essential for lignin biosynthesis and the down-regulation of the enzyme led to a decrease in lignin content in maize (Li et al. 2013) . These three DEUs were up-regulated in PF2 versus PF4, PF2S versus PF4S. Lignin, together with flavonoids and other secondary metabolites plays important roles in defense against abiotic stresses (Dixon and Paiva 1995) . Lignin also confers the mechanical strength in woody tissue needed for plant growth and resistance to pathogen invasion (Hallac et al. 2010 ). Some up-regulated genes relate to lignin biosynthesis were reported to enhance the plant's salt tolerance in tomato (Sanchez-Aguayo et al. 2004) , Tamarix hispida and Arabidopsis (Li et al. 2009; Shen et al. 2014) . All these findings suggest that the upregulation of CCoAOMT may increase lignin content and salt stress tolerance.
Two DEUs (Unigene36754 and CL10657.Contig8) encoding auxin response factor and auxin-responsive protein IAA, respectively are involved in plant hormone signal transduction. These DEUs were up-regulated in PF4. The regulation of gene expression by auxin is a crucial mechanism in plant growth and development (Hayashi et al. 2008) . Auxin facilitates plant resistance to environmental Fig. 3 The quantitative real-time PCR analysis of differently expressed unigenes. The 18S rRNA of Paulownia was chosen as an internal reference gene for normalization (sense primer: ACATAG-TAAGGATTGACAGA; anti-sense primer: TAACGGAATTAACC AGACA). Standard error of the mean for three biological replicates is represented by the error bars. PF2, PF4, normal seedlings. PF2S, PF4S, salt-treated seedlings. PF2S-10D, PF4S-10D, seedlings with salt treated for 10 days Physiol Mol Biol Plants stresses by controlling the expression of auxin responsive family genes, such as Aux/IAA (auxin/indoleacetic acid), GH3 (Gretchen Hagen3) and SAUR (small auxin up RNA). Auxin-related transcriptional regulation is an essential process required for plants to survive and adapt to adverse environmental challenges (Jain and Khurana 2009) . In maize, auxin-related genes are up-regulated under abiotic stresses (Feng et al. 2015) . Up-regulation of these two auxin-related DEUs in PF4 suggests that these two genes promote stronger growth in PF4 than PF2.
DEUs related to osmolytes
We identified 11 DEUs involved in osmoregulation. Ten of them were predicted to encode late embryogenesis abundant (LEA) proteins, including five DEUs up-regulated in PF4 (Unigene18913, CL15360.Contig2, CL6982.Contig9, CL6982.Contig7, and CL4052.Contig2) and five DEUs upregulated after salt treatment (CL1764.Contig1, CL1764.Contig2, CL1764.Contig3, CL1764.Contig4 and Unigene39522). LEA proteins are composed mainly of hydrophilic amino acids that could protect cells from salt damage by replacing water molecules. The accumulation of LEAs may improve salt tolerance and reduce the damage of salt stress in plants (Ashraf and Akram 2009; Dalal et al. 2009 ). LEA protein interacts with a zinc finger transcription factor to co-regulate ascorbate peroxidase which has the most affinity for H 2 O 2 (Huang et al. 2018a) . Furthermore, OsLEA5 participates in the accumulation of ABA by up-regulating ABA biosynthesis genes and downregulating ABA metabolism genes. OsLEA5 might participates in the ABA-mediated antioxidant defense to function in salt stress response (Huang et al. 2018b ). The other osmolyte-related DEU (Unigene17670) was predicted to encode aldehyde dehydrogenase (ALDH) and upregulated in PF4. ALDH is involved in arginine and proline metabolism, and over-expression of ALDH in Arabidopsis was reported to confer salinity tolerance (Sunkar et al. 2003) . In Arabidopsis, after a key gene involved in proline synthesis was knocked out, proline content decreased and the plant became ultra-sensitive to salt damage (Szekely et al. 2008) . Proline has been considered to play multiple roles in osmoregulation, removing reactive oxygen species (ROS) and maintaining protein and membrane structure stability under salt stress (Ashraf and Foolad 2007; Verbruggen and Hermans 2008) . The up-regulation of ALDH in PF4 may explain why proline content is higher in PF4 than PF2 (Deng et al. 2013) . These DEUs related to osmolytes might through different pathways regulate the antioxidant, and then help the Paulownia to resist the saltstress.
Conclusions
We sequenced the transcriptomes of tetraploid and diploid P. fortunei cultured under normal and salt treatment, by RNA-Seq and obtained a total of 638,242 unigenes, which could serve as a useful database for this species and provide an important resource for functional genomics studies. Many DEUs related to salt stress were retrieved, and the DEU profile data provided a dynamic view of biological process. We identified two dozens of important DEUs including 3 DEUs related to photosynthesis, 10 DEUs related to plant growth and development and 11 DEUs related to osmolytes. These DEUs were upregulated in PF4 compared to PF2 and upregulated under salt stress. They were involved in photosynthesis, biosynthesis of cellulose, pectin, lignin and proline, and plant hormone (auxin) signal transduction. Our data would provide important information for Paulownia tree improvement with superior tolerance to salt tress and also for studying salt resistance mechanisms in other plants.
